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Abstract
Using adaptive optics imaging tools to image the living retina,
numerous investigators have reported temporal fluctuation in the
reflectivity of individual cone photoreceptors. In addition, there is
cone-to-cone (spatial) variation in reflectivity. As it has only recently
become possible to image the complete rod photoreceptor mosaic in
the living human retina, we sought to characterize the reflectivity of
individual rods and compare their behavior to that of foveal/parafoveal
cones. Across two subjects, we were able to successfully track the
reflectance behavior of 1,690 rods and 1,980 cones over 12 hours.
Rod and cone photoreceptors showed similar regional and temporal
variability in their reflectance profiles, suggesting the presence of a
common governing physiological process. Within the rod and cone
mosaics, there was no sign of spatial clumping of reflectance profile
behavior; that is, the arrangement of cells of a given archetypal
reflectance profile within the mosaic was indistinguishable from
random. These data demonstrate the ability to track the behavior of
rod reflectivity over time. Finally, as these and other reflectance
changes may be an indicator of photoreceptor function, a future
extension of this method will be to analyze this behavior in patients
with rod photoreceptor dysfunction (e.g., retinitis pigmentosa, Usher’s
syndrome, and congenital stationary night blindness).

OCIS codes: (110.1080) Active or adaptive optics, (170.2655)
Functional monitoring and imaging, (170.3880) Medical and biological
imaging, (330.7331) Visual optics, receptor optics, (330.5310) Visionphotoreceptors

1. Introduction
In examining the first direct in vivo images of the human cone
mosaic, one of the more salient features of the appearance of
individual cone photoreceptors is that they vary considerably in their
reflectance [1,2]. With the advent of ophthalmic adaptive optics (AO)
[3,4], it has become almost routine to non-invasively obtain images of
the cone mosaic. Regardless of the AO imaging modality used
(scanning laser ophthalmoscope, fundus camera, or optical coherence
tomography), similar regional variation in the appearance of cones has
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been seen in the corresponding in vivo images of the cone mosaic [5–
13]. By measuring the Stiles-Crawford effect of individual cones using
an AO fundus camera, it was shown that this spatial variability is not
caused by cone-to-cone differences in directional tuning [12,13].
However despite being a universal feature of images of the cone
mosaic, the origin of the cell to cell variability in cone reflectance
remains unclear.
Besides exhibiting variability in reflectivity between different
cones, individual cones also vary in their reflectivity over time, on
scales ranging from seconds to hours [13–15]. These changes occur
both in the presence and absence of a stimulus, and it has been
suggested that these changes reflect physiological activity within the
photoreceptor. For example, using a flood-illuminated AO fundus
camera, Pallikaris et al. suggested that long-term variation in cone
reflectivity could be due to the process of disc shedding [13]. Recently,
Pircher et al. [14] and Jonnal et al. [16] provided data suggesting that
the longer term temporal changes in cone reflectivity are due to the
outer segment renewal process. In contrast, rapid changes in
reflectivity can be seen in response to stimulation with light [17–19],
and it has been suggested that these rapid changes in cone reflectivity
measured in vivo are related to the phototransduction process [17].
The clinical applications of such measurements could be substantial;
with the ability to monitor cone structure and function, researchers
would be positioned to elucidate more clearly the disease sequence of
retinal degenerations, and also provide additional tools for assessing
therapeutic efficacy in individuals receiving intervention.
The human retina has two classes of photoreceptor, cones and
rods. While rods outnumber cones by nearly 20:1, cones have received
considerably more attention in cellular retinal imaging, primarily due to
their easy visualization, even without AO-equipped devices
[1,2,14,20]. This is unfortunate, given the prominent role that rods
play in aging [21–24] and devastating retinal degenerations [25,26].
In cases where rod dysfunction precedes that of the cones, the
inability to image rod structure and function represents a significant
barrier in bringing high-resolution imaging tools to bear on their
management. Part of the difficulty in translating previous studies on
the spatial and temporal properties of cones to the rod mosaic has
simply been an inability to readily resolve rods in vivo. Besides a
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couple reports of rod visualization in the diseased retina [27,28], there
had only been a single report of rod visualization in the normal retina.
However, it was the result of significant image processing and
enhancement, and provided only intermittent rod visualization [29].
Recently, we developed an AO scanning ophthalmoscope (AOSO)
capable of imaging the contiguous rod photoreceptor mosaic [30,31].
Here we sought to investigate the spatial and temporal variation in
reflectivity of the rod mosaic and compare its behavior to that
previously observed for the cone photoreceptor mosaic.

2. Methods
2.1. Human subjects
One male (JC_0002, age 28 years, emmetrope) and one female
(JC_0138, age 27 years, −1D myope) were recruited for the study.
Neither of the subjects had any retinal pathology, though the male
subject does have an inherited color vision defect (deuteranopia). All
research followed the tenets of the Declaration of Helsinki, and study
protocols were approved by the institutional research boards at the
Medical College of Wisconsin and Marquette University. Subjects
provided informed consent after the nature and possible consequences
of the study were explained. Axial length measurements were obtained
on both subjects using an IOL Master (Carl Zeiss Meditec, Dublin, CA)
for scaling of the retinal images.

2.2. Imaging the photoreceptor mosaic
An AOSO was used to image each subject’s photoreceptor
mosaic. The AOSO is housed at the Medical College of Wisconsin, and
system design details can be found elsewhere [30]. A 680nm
superluminescent diode with a full-width at half-maximum (FWHM)
bandwidth of 8.5nm from Superlum Ireland (Carrigtwohill, County
Cork, Ireland), was used for reflectance retinal imaging. Assuming a
refractive index of 1.43 for the cone outer segment, we estimate the
coherence length of this source as 17 μm. The power incident on the
cornea was 111.11 μW.
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The subjects were each imaged at one-hour intervals beginning
at 10am and ending at 10pm. Their right eye was dilated and
accommodation suspended using one drop each of Phenylephrine
Hydrochloride (2.5%) and Tropicamide (1%), and the drops were readministered between each imaging session. A foveal and peripheral
retinal location was selected for imaging and analysis: 0.5° temporalsuperior from fixation, and 10° temporal from fixation, respectively.
The field of view of the raw images was 0.95° x 0.95°. At each time
point, a single image sequence was acquired at the foveal location,
and six image sequences were taken at the 10° temporal location. The
additional image sequences in the peripheral location were acquired to
minimize the effects of any hourly fixation drift and ensure maximum
overlap of the common image area. Individual image sequences
contained 150 frames. Each image sequence was acquired within
about 10 minutes from the start of each hour. Owing to the fact that
the targeted image location was exposed to the imaging light (680
nm) even when we were not saving an image sequence, we estimate
that at each time point the cones and rods were 100% and 70%
bleached, respectively. For the remainder of each hour, the subject’s
visual activity was not limited and consisted mainly of reading and
computer work. As such, other than the time spent acquiring images,
each subject was exposed to normal indoor lighting conditions for the
entire experiment duration of 12 hours.

2.3. Processing of AOSO image sequences
In order to correct for distortions in the retinal images due to
the sinusoidal motion of the resonant optical scanner, we first
estimated the distortion from images of a Ronchi ruling, and then resampled the images over a grid of equally spaced pixels. After this
“desinusoiding”, the movies were manually inspected to identify
reference frame(s) with minimal distortion and maximal sharpness for
subsequent registration using custom software [32]. Registration of
frames within a given image sequence was performed using a “strip”
registration method, in which the images were registered by dividing
the image of interest into strips, aligning each strip to the location in
the reference frame that maximizes the normalized cross correlation
between them [32]. Once all the frames were registered, the 50
frames with the highest normalized cross correlation to the reference
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frame were averaged, in order to generate a final image with an
increased signal to noise ratio (SNR) for subsequent analysis. For the
peripheral imaging location, the multiple registered average images
from each time point were manually inspected, and the image with
maximum apparent overlap to the images from the other time points
was selected for further processing and analysis.
For a given imaging location, the average images from each
time point were registered to each other using an affine transformation
(i2kRetina, Dual Align, LLC, Clifton Park, NY). This aligned image stack
was then cropped to a common area, a reference frame was selected,
and the image stack then went through strip registration as described
above. Finally, the image series were normalized to the temporal mean
of the nonzero portions of the stack. The movies, Fig. 1 and Fig. 2 ,
display the result of these registrations for the foveal and peripheral
imaging locations, respectively.

Fig. 1

Time-lapse video showing changes in cone reflectance at 0.5° temporal-

superior over 12 hours for JC_0138 (left) and JC_0002 (right) (Media 1). Each image
is 112 x 92 μm.
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Fig. 2

Time-lapse video showing changes in rod reflectance at ~10° temporal over

12 hours for JC_0138 (left) and JC_0002 (right) (Media 2). Each image is 168 x 122
μm.

2.4. Generating reflectance profiles
To ensure we were selecting the center of a given cell, we first
averaged the images from all 13 time points at each imaging location
for both subjects, resulting in four composite images (Fig. 3 and Fig.
4 ). These images were then used to determine preliminary cone and
rod coordinate locations. The position of foveal cones was identified
using a modified version of previously described semi-automated
algorithm, which also allowed manual addition/subtraction of cones
missed or selected in error [33]. A total of 1,980 cones were selected
for analysis using this method. The position of peripheral rods was
determined by manual selection, and a total of 1,690 rods were
selected for analysis. From these preliminary coordinates, the final
coordinates were determined using custom Matlab (Mathworks, Natick,
Massachusetts, USA) software that identified the local maximum within
a 3x3 pixel (1.25x1.25 μm) region around the initial cone (or rod)
coordinate. Owing to the increase in cell diameter, multiple waveguide
modes were present in the peripheral cone photoreceptors. This
resulted in variability in the reflectance of individual peripheral cones
within their cell boundary. In addition, the small number of cones
(<50) present in the peripheral images would make any global
conclusion about their reflectance behavior over time difficult. As such,
we decided not to analyze the reflectivity of these peripheral cones.
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Fig. 3

Photoreceptor composite images for the foveal (0.5° temporal-superior)

imaging locations. These images were created by aligning and averaging all 13 time
points, and are shown using both a linear (left) and logarithmic (right) display.
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Fig. 4

Photoreceptor composite images for the peripheral (~10° temporal) imaging

locations. These images were created by aligning and averaging all 13 time points,
and are shown using both a linear (left) and logarithmic (right) display.

The final coordinates were adjusted for each frame within the
aligned image stack, in order to compensate for small errors in image
registration. This was done by first projecting a mask for each cell
through the aligned image stack. A square 3x3 pixel and circular 5
pixel diameter mask was used for rods and cones, respectively. For
each frame, each cells’ mask was repositioned to a local maximum,
which never occurred greater than 1 pixel away from the original final
coordinate. Reflectance profiles for every isolated cone and rod were
generated by plotting reflectance as a function of time, where
reflectance at a given time point is defined as the average intensity of
all the pixels within the photoreceptor mask. For easier visualization of
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the behavior of individual cells, we normalized the reflectance values
of each profile to the mean reflectance of that particular cell and then
subtracted 1. This results in plots that effectively show the relative
reflectance changes.

2.5. Analyzing reflectance profiles
Each cell type (rod/cone) was analyzed separately for each
subject. To analyze the reflectance profiles for a given cell type, we
determined the linear component (slope) of each profile by calculating
the least squares linear fit of the profile. The mean and standard
deviation of the slopes was calculated, and each cell was placed in one
of two groups. Those with linear components that fell below 1 standard
deviation from the mean were placed in the low slope group, and the
remaining cells placed in the high slope group. Next, the linear
component was removed from each profile and the standard deviation
of the resultant signal was computed. The mean and standard
deviation of the signal standard deviations for cells within each group
was calculated. Cells having a signal standard deviation below 1
standard deviation from the mean for that group of cells were
considered to have a linear reflectance profile, with the remaining cells
regarded as having a fluctuating reflectance profile.
Further classification is possible, but is used for illustrative
purposes only. For cells having a linear reflectance profile (top panels
in Fig. 5 and Fig. 6 ), the cells with low slope were considered flat
while those with high slope were considered gradual. For cells having a
fluctuating reflectance profile (bottom panels in Fig. 5 and Fig. 6), the
cells with low slope were considered to have oscillatory profiles while
those with high slope could be either oscillatory or abrupt. Among the
high slope cells, those with the highest signal standard deviation
(greater than 1 standard deviation from the mean) were classified as
abrupt and the remainder was classified as oscillatory, having signal
standard deviations within 1 standard deviation of the mean. All
statistical analysis was done using Instat (GraphPad Software, Inc., La
Jolla, CA).

Biomedical Optics Express, Vol. 2, No. 9 (September 2011): pg. 2577-2589. DOI. This article is © Optical Society of America
and permission has been granted for this version to appear in e-Publications@Marquette. Optical Society of America
does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express
permission from Optical Society of America.

10

NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be
accessed by following the link in the citation at the bottom of the page.

Fig. 5

Movie sequence of hourly AOSO images of the cone mosaic in JC_0002,

showing representative normalized cone reflectance profiles (Media 3). The archetypes
shown are flat (top left), gradual (top right), oscillatory (bottom left), or abrupt
(bottom right). The circles in the retinal image are color coded to their respective
profile plot, and their size was chosen for improved visualization and does not
represent the area over which reflectance was analyzed.
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Fig. 6

Movie sequence of hourly AOSO images of the rod mosaic in JC_0138

showing representative normalized rod reflectance profiles (Media 4). The primary
archetypes were flat (top left), gradual (top right), oscillatory (bottom left), or abrupt
(bottom right). The circles in the retinal image are color coded to their respective
profile plot, and their size was chosen for improved visualization and does not
represent the area over which reflectance was analyzed.
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3. Results
3.1. Temporal variability of rod and cone photoreceptor
reflectance
Inspection of the movies in Fig. 1 and Fig. 2 reveals remarkable
temporal variability of the reflectance of individual cone and rod
photoreceptors, respectively. Moreover, it is clear that not all cells are
behaving the same way – some cells have multiple oscillations in their
reflectance, while others showed no change in reflectance over the 12hour experiment. This variation can be further appreciated in Fig. 5
and Fig. 6, which show normalized reflectance profiles for cones
(JC_0002) and rods (JC_0138). The cells displayed were chosen so as
to capture the range in archetypes observed. Using the classification
scheme defined above, we found that for JC_0002, 15.6% of the cones
and 13.5% of the rods had flat or gradual profiles, while for JC_0138,
16.1% of the cones and 13.7% of the rods had flat or gradual profiles.
One could likely further refine the classification of these profiles by
assessing the magnitude of the linear component, however subsequent
thresholds on metrics like these would be subjective and not
contribute further to the understanding of the biological basis of these
reflectance changes. The conclusion from these data is that there is
enormous variation in both cone and rod reflectivity over time.

3.2. Cell-to-cell variation of cone and rod reflectance
As mentioned earlier, one of the more prominent features in
images of the cone mosaic is variation in the reflectivity of individual
cones. While the origin of this variation is not fully understood, we
examined whether the rod mosaic showed similar variation. At the
11am time point, we analyzed the distribution of the normalized
reflectance values for the cones and rods for both subjects. Figure 7
shows the corresponding normalized histograms, and there was
substantial variation in both cell types. For the cones, the standard
deviation was 52% of the mean for both JC_0138 and JC_0002. For
the rods, the standard deviation was 42% of the mean for JC_0138
and 48% of the mean for JC_0002. For each subject, the rods were
found to have a significantly lower standard deviation that the cones
(JC_0002, p = 0.0246; JC_0138, p<0.0001). One explanation for the
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rods being apparently less variable is that the rods had an overall
lower reflectivity than the cones (JC_0002; cones = 61.74 a.u., rods =
38.16 a.u., p<0.0001, Mann-Whitney test; JC_0138; cones = 61.91
a.u., rods = 50.47 a.u., p<0.0001, Mann-Whitney test). Despite
initially setting the gain of the PMT’s to provide roughly equal mean
pixel intensity for the foveal and peripheral imaging locations, the
peripheral cones appear to have driven the behavior of the overall
image intensity. This leaves the rods as being dimmer on average and
may account for their apparently lower standard deviation. A second
factor to consider is that rods and cones have different morphology
[34], which of course would be expected to contribute to their
waveguide behavior. Regardless, the general behavior of substantial
inter-cell variation in reflectivity that has been well documented in
cones appears to exist in the rods as well.

Fig. 7

Histogram of normalized reflectance of the cone and rod photoreceptor

mosaics, for the 11am time point. Both the rods and cones each show significant
variation in reflectivity, and similar results were observed at the other time points.
This figure corrected August 15, 2011.
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3.2. Spatial analysis of cell classification
As we identified each cell as having a linear or fluctuating
reflectivity profile, we could examine whether the two submosaics
were distributed randomly, or whether there was any tendency for
cells belonging to the same submosaic to be near each other. This
analysis was done using a previously described technique [35], which
uses information about the photoreceptor mosaic on all spatial scales
and has been used to examine the relative arrangement of long- and
middle-wavelength sensitive cones within the trichromatic cone mosaic
[36,37]. The distances between each cell having a linear reflectance
profile and every other cell having a linear reflectance profile was
calculated, and a cumulative histogram of intercell distances was
generated. Monte Carlo simulations (n = 1000) were used to compute
the expected cumulative histogram of intercell distances in a random
arranged mosaic. These random mosaics were generated by taking the
(x,y) coordinates of all of the cells and randomly assigning a constant
fraction of them to be linear. The average, minimum, and maximum
cumulative histograms were calculated and compared to the actual
cumulative histogram for that particular group of cells. Figure 8 shows
cumulative histogram comparisons (CHC) for all four data sets. The
arrangement of the cells having linear reflectivity profiles within the
overall cone (or rod) mosaic is indistinguishable from random for three
of the four data sets, as evident by the fact that the CHC plot for the
actual data does not fall outside of the minimum or maximum bounds
of the random simulations. The rod mosaic of JC_0002 has a slight
bias towards clumping (as the CHC inset reveals fewer large inter-rod
distances compared to that of the random simulations). It was
previously shown that a slight bias towards clumping of cones of like
spectral subtype (long- or middle-wavelength sensitive) could be
attributed to residual optical blur [36,37], and it may be that optical
blur in our images also affects our analysis. As such, we conclude that
the arrangement of cells having linear reflectivity profiles within the
overall mosaic can be considered indistinguishable from random.
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Fig. 8

Cumulative histogram comparison (CHC) plots for the linear reflectance

profile cells. In each plot, the solid line represents the fraction of intercell separations
within a given distance for the actual cone or rod mosaic versus that for the average
of 1000 random simulations. The minimum and maximum bounds of these simulations
is given as the dashed lines. The insets show areas of the CHC plots where the actual
data approaches or exceeds the bounds of the random simulations.

4. Discussion
We successfully imaged the rod and cone photoreceptor mosaic
over 12 hours using an AOSO. By registering images from different
time points, we were able to track the reflectance behavior of
individual rod and cone photoreceptors over time. As has been shown
previously for cones, we find that individual rods vary in their
reflectance over time. This suggests that a common physiological
mechanism underlies this phenomenon. Moreover, at a given moment
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in time, the rod mosaic showed remarkable variation in rod-to-rod
reflectivity, which has also been observed for the cone mosaic [1,2].
The origin of the cell-cell variation remains to be elucidated; however
our data would also suggest a common mechanism behind this feature
of the rod and cone mosaics. Interestingly, our data reveal no
tendency for neighboring cells to have the same reflectance profile
behavior. As we develop techniques to further classify cells into
additional archetypes, it will be interesting to re-examine the spatial
arrangement of cells of like type.
There were a number of limitations of the current study. First,
the results are based on only two subjects, though there is no reason
to think that the findings do not represent a universal property of the
healthy human rod photoreceptor mosaic. Second, a relatively coarse
sampling (hourly) was used. Future experiments using finer time
sampling are needed to better characterize the temporal variation of
rod photoreceptors reflectance. Along these lines, it is worth noting
that our classification scheme is rather arbitrary, but nevertheless
illustrates the significant variability in reflectivity profiles among cones
and rods.
Previous studies have suggested that differences in cone
reflectivity observed in AO images are due to differences in the length
of the outer segment [16,17]. Specifically, it has been suggested that
sinusoidal reflectance oscillations can only be observed when using
imaging sources with coherence lengths longer than that of the outer
segment. However, both our results and those of Pallikaris et al. [13],
resulting from using light sources with coherence lengths shorter than
twice the length of a photoreceptor outer segment, strongly indicate
that fluctuations in photoreceptor reflectivity are not only attributable
to interference between light reflected at opposite ends of the outer
segments. It is plausible that local sub-cellular changes at either the
anterior or posterior end of the outer segment contribute to the overall
reflectance profile. More importantly, the reflectivity fluctuations
reported in these studies, which notably using different imaging
modalities, are an order of magnitude larger than those reported in
[16] and [17], and of a more complex temporal behavior. The
important point is that complete characterization of the origin of these
reflectance changes will require the use of short and long coherence
length sources.
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Regardless of the exact origin of the reflectance changes
observed here, the fact remains that they appear to be similar in both
cones and rods – suggesting a common physiological process. Thus,
examination of temporal variation of photoreceptor reflectance may
provide a means for assessing relative rod photoreceptor health in
aging and in retinal disease. If temporal reflectance fluctuation is a
property of all photoreceptors in “normal” retina, then it follows that
pathological retina may exhibit altered characteristics. Of particular
interest would be examining patients who have defects in ciliary
trafficking of proteins from the inner segment to the outer segment
[38,39]. Also of interest (and likely to be of more use clinically) are
the optical reflectance changes of rods and cones in response to photic
stimulation. Previous reports have suggested that this behavior may
have its origin in the phototransduction cascade [17]. The plethora of
human mutations that selectively impair different components of the
phototransduction cascade [40–43], combined with our ability to track
the behavior of individual rods (and cones) over time, provides a
unique opportunity to dissect, in vivo, the origin of these optical
phenomena.
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